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ABSTRACT

The concept of clectronic cqubibrivm, particularly as applied to
frece-air chambers, has been frequertly used (o cover more than one
idea. In order to separate and defire clearly cachdea, definitiors are
cstablished fur ~integral charged.particle ¢qulitrium® ard “charged-
particle compenaation.® [a addition, 3 definition {ur “charged-particle
equilibrium*® is proposed alor:g the Lires set forth by Roesch.

A new type of free-2)ir fonization char=ber 18 proposed in which
electric-field uniformity plays ro rolen ceiining the jon.collecung
volume. The chamber 18 based csserntiaily vpon 3 subtriction mettod in
which txo readirzs aretaken of t2e ior1zausn and tSc diflercnce is used
as a measure of exposure dose. Tht chaxzber 18 collapsible, its mid-
plare being fixed with respect to tie x.ray source, Tle i10rization in
<thetwo equal air volumes on eitter side of tie miZplare of the ctamber
when in a collapsed cordition ard the iontzation cf ke two volumes
defined by the chamber in an expanded cordition are rehted in such a
way that their difference is just the .onizaticn in the extra volume of alr
created inthe micdle of ite chamber bythe expansivn of the chamber. It
is evident that the erd plarcs of this cxtra volume of air are rot detined
by electrostatic lines of {orce, as is e casefor conventional chachers.
Consequently, tie new charaber has ro need for guard plates or cther
field-shapirg electrodes which are typical of conventional [ree-air
chambers. Sirce the uncertairty 2bout the degree of Lield uniformity
represents the largest single source of error in conventional ch:mhrs
its elimination {s a considerable advanuge.

PROBLEM STATUR

This (nterim report stems (rom work carried out unﬁ;r NRL Prob-
lem P03-0!; work on this problem is continuirg.
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£LEGTRONIC EGUILILIICA 1 FIEE-AI CIAMDERS
©AND A PHOPO3ED NEW CILAMBER DESIGN

INTRODUCTION

The free-air forization chamber is the surdard duvice vinployed by rational labora.
tories throughout the world (ur the measurement of the cxposure duse of x ard ¥ radiation
(1-3). A number of differcnt designs have evolved, including prindipally the parallcl.
plate types, such as thuse of the U.8,, Canada, and tho U.K., ard the cylirdrical types,
such as those employed in West Germany and Sweden. All of these chambers bave at
least two features In common. The {irst is their deperdence upon the existence of charged.
particle compensation and integral charged-particle cquilibrium in order to measure a
quantity equivalert 10 the exposure dose. The secord (# thelr rellarce upon guardinge
electrodes to produce a uniform electric field. thus definirg the region from which ha
ionization is collected. In this report the concepts of cquilibrium ard compensation =il
be discussed, and 2 new type of (ree-air chamber will be described in which field-shaping
electrodes are not necessary, thus allowing 3 considerable llmplmc:tlon {n construction
and a possibie improvement in accuracy.

Exposure dose and the roentgen are delired.by the ICRU as follows (2):

: “Exposure dose of x- or gamma radlation at a certain place 13 2 measure of the
radiation that is based upon its ability to produce tunization.

Tbe unit of exposure dose of x- or gamma radiation is the roentgen (¢). One roent-
gen is an exposure dose of ‘x- or gamrma radiation such that the assoclated corpuscular
emizsion per 0.001293 g of air produces. in air, ions curytn; 1 c'ccuoautlc unit of
quantity of electricity of either sign.*® )

Thus it is claar that wlm one wuld like to measure in'determining the exposurs dose
Is the lonization produced everywhere by just those electrons which originate within a
specified small volume of air. This is illustrated in Fig. L.- Point P s the point In air
for which the exgosure dose Is to be dtermined. V' I3 a “small,*® imaginary sphere
centered at . To determine.the exposure dose at ¥, one must collect (by an electric
fleld) and measure the total lonization produced in air by electrons, such as those labeled
A, which originate within v’, One must exclude from the measurement the Jonization
produced by those electrons originating tlsewhere, such as the @ electrons shown in Fig. ).
The measured electric charge (of eithe.: sign), in esu, divided by the mass of afr contained
Inv* (in units of 9,001293 g),I will ylel the exposure dose at P in roentgens. If v’ remains
‘small,' the exposure dose at P will be independent of the size of v'. .

Itis reacmy apparent why the type of direct measuroment descrlbed above is not
feasible, The ionization pror’ .ced by A slectrons occurs within the same region of air
as that generated by B electrons; thus, the two contriLbutions to the measured charge can-
not be separated. It.1s for this reason that free.air ionlzatjon chambers, devised for

*Its size must be small in comparison with any spatial variations 1 the radiatien flcld, yet
large enough to contain a statistically large number of vrteryy-troas{er cvents duriag the

pc.uOd of ¢exposurc. Whenever the word smalt s u:cd in this sense, {t will be ¢neloscd by
quotation marks.

fThis is the mass of | em?d of dry air at 0°C ard 760 mm Ha.

.
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« . measurirg the cxposure dose, rely upon buth charged-particle compersation and integral
¢harged-particle enuilibrium to accomplish their purpose. But before proceeding to a
- discussion of free.air chambers. i1t will be worthwhije 10 explain what is meant by the
above ard other related teims, some of which have Leen coined bere to help clar!ly the
principles urderlying radiation dosimetry in general, and (rea-air chambers in particular,
Apperdix A lists these pertinent definitions for convenient reference.

CHARGED-PARTICLE EQUILIBRIUM AND CHARGED-
. PARTICLE COMPENSATION

Charged-particle equilibrium, or CPE.® i3 often referred to as “electronic equilib-
rium® in connection with x- or j-ray usage. It has usually been defined efther as we
have defined it in the Appendix or, 2itarnatively (2), as follows: *Electronic equilibrinm
exists at a point If for each elcctron jeaving an infinitesimal volume surrounding the point
another electron of practically the-same energy enters.” Actually the appendix definition
and this dsfinition are not quite the same in meaning. CPE can exist under the former

without requiring the latter to be satisfied (9.g., One electron of snergy & may leave and
two electrons enter with energy 1/3 ).

. In the present paper we bhave separated the two concepts. CPE, by the appendix

_ definition, exists at a point it the energy dissipated by charged particles within a “amsll”

A : spherical volume centered at the point is the same as if all the charged particles originat.
ing within the volume bad spent their entire kinetic energies there. On the other band,
charged-particle compensation {CPC) (see Appendix, No. 10) exists at a closec boundary

U there is a 1-for.] exchange of charged particles of the same kind and energy across
the boundary.

The concept of energy transier? (see Appendix, No. J) mnakes it possible more easily
to discuss CPE, among other things, because it allows one to state an even simpler defini-
tion of CPE: CPE exists at a point if the absorbed dose equals the energy transier there.
The exposure dose (Appendix, No. 3) is evidently a special case of the energy transfer.

®The reader will please forgive the liberal use of first-letter abbreviations for several
of the terms which occur repeatedly throughout the text.

. . tEnergy transfer has no generally accepted name. Roesch (4) has called it “KERM." It
has sometimes becn referred to as “first collision dose,” but that term has not deen
consistently defined in the literature ard gcencrally has been usced for fast neutrons., The
author prefers “cnergy transfer® because it'is so deacriptive of the process of trans-
ferring cnerey from x-rays or rneutrons to charied particles. A further discussion of

_ this ard other concepts in dosimatry1s given in Ref, 5.

i e ——— - —————
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For deseribing radiation teraetions within vxtended reinns (s in a [ree-ale
chumber) rathee than at loeal pomnts in an ircediated mediom, the integeal absorbed dose
and integral encrpy transfer are useful coneepts. When these two quantitizs are equal for
it given volume, then integral chavged.-particle erquilibrium (ICPE) exists there. The
tntegral exposure dose and the average exposure dose areoth simple extensions of the
existing definition of exposure dose. They have been defined here because they are
actually involved in the interpretation of free-air chamber measurements,

In general, CPC at the surrounding bourdary is a sufficient, but not necessary, con-
dition for the existence of either CPE or ICPE. [owever, if CPC does exist, one is
assured not only that the absorbed dose is equal to the energy transfer (or the integral
absorbed dose is equal to the integral energy transfer), but also that the ionization corre.
sponding to those energies is equal as well, Thls will evidertly be true regardless of any
energy deperdence which 4, the energy per ion pair, may have. Free-air chambers depend
upon the existence of both CPC and ICPE, as will be presently shown.

There s a speclal case of ICPE where CPC exists, but only In a trivial form. This is
illystrated in Fig. 2. Here we have the charged particles originating only within volume v°,
located at the center of the. larger region v, of which v*1s apart. The dimension d is at
least as large as the maximum charged-particle range. In this case, ICPE certainly
exists In v. Furthermore, asa trivial case, CPC can be thought of as existing at the
boundary of v where all charged particles crossing the bourdary have the same energy
(=0), and they enter and leave in equal numbers (=0). Thus the lonization produced in v
must equal that produced by charged particles origirating in v (which is obvious, anyhow,
in this case). '

v
/\/u-.-c'.uass
] ‘ \TLUVE V)

} . .
\\\ /

L.
e —

Fly.2 = Integreal chargadeparticls
equillbrium without dependence upon
-charged-particle compensation

" It is Interesting to note In F!é. 2 that, assuming the radius of v* to be less than the
maximum range of the charged particles, there Is no point within volume v at which CPE
exists, even though ICPE Is satisfied for volume v. This illustrates the importance of

" baving separate definitions for CPE and ICPE. -

Before proceeding to the discussion of {rce-air chambers, one more concept and
definition should be dealt with. This is reiative charged-particle equilibrium (RCPE),
which becomes important at high x-ray cnergies where the electron ranges become com-
parable with the x-ray mean-free-path 1/:. (Here u s the linear attenuation coefficient
of the x-rays.).
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"..li.,l‘;'..- .;»:i.,x‘-" thoe ool A rc et t uf an ire. vl e 'l y xh rul 13 at e HTN R ATH 1t y.m.u lh ;l
i~-e_--:-,m the ratio u( tr.- Al ,urt.- rt d'nv .m«l m. u.s r.,, Lr 1 fcr h.w the sutae varie, ‘e

Thxs isaliusteat. d ~.u,- m.nu..ull/ 1 h.: ’S A hrmd p;r.ult Lheam - flm,h cu.rg‘,'
X-rays &3 shown incudent upoan a blotk.of niiterial), The Fate of transfer of-ene Ty (rom
the X-rays to, energutic sveondary leetrons s steywn by the eneruy transfer curve, which
is.mon otnr.xc1lly attenuated us lhc X-rays pc"etr ate: the material. The absorbed dose .
curve rises with depth initially becagse the secordary electrnas, which deposit the ubhsorbed
dose, are projected predominatel§: forward, away from the boundary. A maximum is
reachdd approximately at the depth ¥hece the ubsorbed, dise equals the encryy transfer (6),
aud thereafter the-absorbed dose decreases with depth. At dépths greater than ¢, the
maximum electron range, the two curves: p:u-nllcl ¢ach other. At each depth the r:mo of
absorbed dose to energy transfer is a constant greater than !. According to Réesch (4)
the absorbed dose D can be rc!atcd to the cnerﬂy transfer ‘T _at any point such 23.p by
- the nppro*(.'nnw cqu.mon. . . . .

. DT T(X'.-x) . S ..'(1')'

_ where . is the X-ray atteruation coefﬂclc it correspord ng to the slope o{ the D or. T curve
at depths greater than d arnd x is approximacely tke distance “upstream to the point: P’,

where the erergy transfer is equal to the absorbed dose at the point of Interest P The

distarce X" can be calculated by méthods deseribed by Roesch (4). Tt is clear Irom the

: deﬁmtlon of RCPE that it exists In this-case at denths grcnter than d. .

X-RYS - "//" ' /{ . ’4"'-}//; e
. I T AT 7N
Py '-f-'f-‘-r A8SCRBED b %
PN X ,’,,/c.sz /. / s
, e pay
~A [ i 7,

.

/ 4/ C ' né. 3 - Relation between absorbed dose ard
7

B ' o ’ // ! . .energy traasier uvrder conditibns of relative
- "'r" . 1,4%5;'2;5'” /,/“,, : - .charged-particle ethbnum (RCPE) :
25 s sty i, - "
8 'fyf,/////m”’/’/ Y
. W ot /._, R ‘s i
"1

-o cspm x--_

. The foregoing.case shown in Fig. 3 applies to.the ceatral region of a y-ray beam
which 1s broad relative to the electron .range. For a narrower beam (which is the usual
- Situation in {free-air chnmbe:s) a condxtmn analogous tc RCPE can be shown to exist.
Flgure 4 illustrates this case. It is clear that the absorbéd dose and energy transfer atp
~ will not be-related in'any simple way, because many of the eléctrons’ originating upstream
(e.g., at P*) will be projected outofthe beam at an.angle, thus not arriving at P. :In the
broad beam case (Fig. 3); these are replaced by other electrons originating elséwhere in
" the beam-(e.g., at' P*), thus producing RCPE. For the narrow beam case, the -slmple
-relationship given in Eq. (1) can be obtained from the integral absorbed dose and the inte-
gral energy transfer In a slab-shaped volume like V. That Is, the Integral absorbed dose .
D, in V is approximately (l+ux) times the integral energy transfer T; in v, oris equal
to thc !nte«vrnl ener"-y tnna{er ina ch shb\v' at a distance % upstrcam. Ow. eran -

e _ . A
_ If that value is 1, then CPE also.oxists,
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extended region where all similae volumes satisly this relationship with 2 coastant =, coe
can say that relative Integral charged-particle equilibrium (RICPE) axists.

1o the next sections. the application of these coneepts In Lroe-air chambers will be
discussed. - o :

THE CONVENTIONAL FREE-AIR CHAMBER

Figure $ Is 2 schematic diagram of a typical [reeair chamber of the paraliel.plats
type. Tre cylindrical type ts identical in principle.

Fi1g. 3 =~ The coaventional guardud-fiald, parallel-plate,
free-olriontization chamber, londzatica {8 collected
from the volumre v.

Coplanar electrodes G-C-G are operated at ground potentlal; the opposite plate ia
operated at'a constant high voltage. -Collecting plate C 13 connected to a nulletype elec.
trometer ¢lrcuit, Guard plates G and end.guarding electrodes F are designed to give a
unlform field between the plates so that the length £ of tho shaded, {on-collecting reglon v
will be accurately defined. (This region ts analogous (o the fon-collecting volume v in
Fig. 3.)
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Fise dostanee 0 Lo cte peany b the p.l.lll:h is made qaree cnouzh o aliow laterally .
projected vicetrons e oy to spend all therr enerey o the tnn-collecting reglon withost
penching the wall, The distance of the volume v irom cther end of the chamber 1$ also
m.de ureater than the electron range, for reasens which will presentdy be evident.

It is iatcresting to ennsider the lozical basis for the free-air-chamber's akility to
measure exposure dose. This will be set furth point by puiat as follows:

1. Assume that x-rays of constant Intensity are pussed throuzh the aperture iora
certain period of ime. If the recombination of ions is negligitle, the icaization (of either
sign) gencrated throughout v will be collected oa € aad the toul charge measurcd.

2. This Jonization is not necessarily cqual to that generat-:d by those electrons whica
originate in ¥. Thereiore we must rely upon the existance of CPC over the entire bourd.
~aryof v. That{s, for every electron such as e, which escapes v, another electron ey of
the same erergy must enter.® Under these con itions, rot only dues ICPE exist for vol-
ume ¥, but also the lonization generated there is equivalent to that generated by electroas
orizinating there. Thus the jonizaton in v equals the tategral exposure dose there,

3. Tue integral exposure dose for v is identical to that for the volume v* , Since no
fonizing clectrons originate outside the x-ray beam.t

4. V'isthe volume in which the “associated corruscular emission” (1.e., electrons)
originates, as specified in the roentgen definition. Because the X-ray source is generally
not 2 sharply defined point and because of the inverse-square divergence of the beam, v’
will usually be 2 coaic {rustum with radial bourdaries made indistinct by penumbra
effects. Tke problem of determining its effective volume (ard, in turn, the air mass it
contains) would be formidable by any direct approach. Instead a simple and accurate
trick (3-11) is employed which bas the effect of converting the measurement into a detere
mination of the exposure dose at the aperture rather than in the ceater of the chamber.
Tke actual beam is replaced, for purpeses of calculation, by an imaginary parallel beam
baving the same cross section and intensily at the aperture. The iorization produced in v
by the parallel beam would be very nearly the same as for the actual one, provided that
cos = % ] (for example, cos 2-1,2° = 0.999).t

S. Thus v'is replaced by the cylindrical volume vy which has the cross-sectional
area A of the aperture ard a length equal to the effective collector-plate length 4. The
integral exposure dose in V; is the same as jh V. Dividing by the mass of air in V,,
expressed in units of 0.001293 g, one gets the average exposure dose in V;. If the air
attenuation is small erough, it will be nearly linear over the distarce 4, and the average
exposure dose in V, will equal the exposure dose at the midpoint P’

6. The exposure dose i‘s the same at all p‘bims in the parallel beam, except for the
eifect of air attenuation. Thus the exposure dose at the aperture point P can be obtained
from that at P* by an ajr-attenuation correction for the distance between the two polnts..

'Accordin;: to Rel, 7, this 13 assured at least up to 500-kv X=rays.

tActually sume clectrons do originate outside the beam generated by Xx-rays scattered by
(2) the aperture or (b) the air in the chamber. This contribution to the ionization is
determined by a scparate measurement ard is subtracted out since (2) is not part of the
arimary beam proceeding through the aperture, and () represeats Xerays attcnuated
fi.e., scattered out of the main beam) before reaching volume V.  (See Ref. 8, footnote 1)

tlf the -ray souree is near the aperturs and 9 becomes large, the path of a ray through v
will Became sinific.a:ly lonper than thatyof a ray enteriag perpendicularly. Also, the
Air-attenuation distance from the aperture to V is lengthened.
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CPC vxists at the bounar..» 66 V. Hosover, 4( byhice cavegies. where the- Fanges Ll the

cluctrons beeome comparable to thc X-ry ~rasees” and the clectrons are peojected pre-

domirantly in th: forwacd dircetion, CPC Lreaks down and ICPE dnces not obtan, There:
are mora oleetsoas comire Info the [eaat of ¥ *nan arce teaving (L theoagh the rear, thus
giving rise (0 exzessive fonlzztlon an v, Thts 18 a cuse similar to that in Fig. 4. However,
in the chamber reglon ling at least as far (rom e aperture as the cleetron range, -RICPE -
will exist. In a properly deslgnacd chamber the collecting “olume V will be lecated in this
region. Thus one can use floesch’s (ormul;, Eq. (1), in relating the ivmization to th' m!c-
gral vxposurc duse in V. : .

D, “JRTT (1%3) * P4 (1%, - ) (2)_.'
or . . | |
Rll._J_. o T W
(1-x ’ :
where |

D; = integral absorbed dose In ¥ (crg)

J
1
T

* 10aization in ¥ (asu)
= energy 10 produce unit charge ia air (erg/esy)

= irtegral caergy transfer inV (crg)

= integral exposure dose In ¥ (esa).

Note that under this procedure onz still appHes an alr-at't_ematlon correction for the
distanee {rom P to the midpoint P'. The net cflcct £3 thic same as If one Instead applied
an air-attenvation correction far the distance from P to a point ata dnunce & npstream
{rom polint P’, while Ommlng the correcdoa given in Eq. (3). .

THE PROPOSED NEW TYPE OF FRSS-AIR CHAMBER

The new proposed design of freesalr chamber s sbawn in l-‘tg. 6. It'is based upon a
subtraction mettod in which tuwo readings are taken of thc fonization and the dmerence is
used as the measure of exposure dose,

In Fig. 6(a) the chamber. s shown in its collapsed condition. ‘It may consist of two
telescoping cylinders, or a piston within a cylinder. The interior surfaces of the two ends
are covered by a layer of “air.cquivalent® conducting material, such as graphite or
Aquadag-coated Lucite, baving a thickness at least equal to the maximum range of the
secondary electrons generated by the x-ray energies for which the chamber is deslgned
The structural material (but not the air-equivalent lining) is penetrated at the center of
the two ends by entrance and exit ports for the x-ray beam. The alreequivalent material -
covering these ports serves the double purposes of (a) excluding electrons which originate
outside the chamber, and (b) acung as a source of secondary clectrons to replace those
lost into the chamter ends. More will be said about th:s latter {function.

The cylindrical wall of the chamber should be made of a (airly low atomic number
material (e.g., aluminum) so that the ionization due to scattered x-ray interactions wiil
not be enhanced by the photociectric efiect (sce second footnote on page 6).
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E.r" (o) CHANMBER NOT EXTENLDZD

{b) CHAMBER EXTEMNCED

Fiv. 6 - The proposed new type of frae-air
chamber. The definicz aperture and the muid-
plane of the chamber bath remainm fixed with
respect to the x-ray beam.

The entire chamber wall (front, back, and sides) is cpsrated at a sufficiently bigh
voltage to collect, on an off-center aluminum rod, substantially all of the jonization
produced in.the chamber. This rod should be large enough in diameter {0 avoid gas-
multiplication of the fonization. It is allowed to slide through 2aa insulating bushing in
the back wall of the coamber as the latter 13 collapsed, thus projecting cutside into a
grounded electrostatic shield containing a slide contact leading to the electrometer. Both
the front- and back-end insulators of the collecting rod are provided with a grounded guard
ring G to eliminate the leakage of current across the insulator to the rod. These guard
rings are made to extend a short distance into the chamber to also intercept any gas-
multiplied ionization occurring in the high-field region Immediately adjacent to the ¢col.
lecting rod insulators. As will be polnted out later, the ionization lost to tho guard rings
is unimportant as long as it is approximately the same at both ends of the chamber.

The-internal dimensions nf thc chamber are dictated by the x-ray energies for which
it is to be used. For a chamier covering the x-ray voltage range of 50.250 kv (constant
potential), a dfameter of 30 cm would be appropriate, reduciag the losses due (o electrons
terminating in the walls to a few tenths of a percent in the worst cases.* The length of
the chamber in its collapsed condition should the.: also be about 20 cm or more to insure

* This estimatc is bascd upon data given an Ref. 3. In addition to thesc losses tacre will
be somc electrons which termarate their track prematurely by colliding with the {on-
collecting rod. A small <orrection for this effcct should be made by the methed
‘described in Ref, 9.
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the ol tpans et uaating at the corer of te ar o v or annat e o valls ooy
diccetion, For a lugheuner ty x-ray chamber (<1 Mev) ia which the socoandusy cluecteony
are projected Ltronely forwerd, o length-i9-rditca-toe ralin gooater tesa U (tn thy enle
Lipscd conditior) would beandicated. A chamber dostuned fog x-rays of 50 kv ard lower
would cequire o diameter of only 4 em (12).

Tite x-ray beam s delined by a fixed apesturce which ducs nut move with respect to
the xeray Leam. In the event the output of the x-ray maching {3 not strictly constant with
time, an auxiliary lonization chamher may be located §n a flxed position somewhere In
the x-ray beam (e.g., behind the free-air chamber), Mcasurements will thea be rormal.
fzced to the readings of this monitor chamber.

In Fig. 6(1) the chamber 18 shown In its exparded conditton. The {ront ard back of
tho chamber are extended ¢qually so that the midplane remaics fixcd #ith respect to the
x-ray beam and the aperture. This ¢an be accomplished by means of an accurately
machlred serew, allowing great precision in determining tho change in length. A metor
drive would provide rap!d and convenient operatdnn, The chamber shuuld be vented
suffictently to allow the free¢ (low of atr in and outduring charges la leagth, without
appreciable changes in the air temperature within, 5

The change in length L should be sufficicatly large to allow accurate determiration
of the difference in ionization. A [actor-of-two extension would be a reasonable choice.®

OPERATION OF THE NEW CHAMBER

In order 10 determine the exposure dose, two measurements of the fenization current
are needed. The first is done with the chamber in its collapsed condition, as in Fig. 6(a).
Herc the ionization can be thought of as consisting of two contributions - the first is the
fonizadon J, produced in the forward half of the chamber (volume A) while tde second
is J g, produecd in the rear half (volume B).

Bearing in ming that the chamber is constructed symmetrically about its midplane,
one can relate J, and J, . First consider the case where the x-ray attenuation is approx-
Imately linear over the change In length {4 L) of the chamber (Le., e -3t X 1-44L),
This will generally be the case in the medium x.ray energy region from 50 to S00 kev,
assuming that L = L. Under these conditions, CPC will exist at the boundaries of
volumes A and B (see Fig. 6{a)). Electrons escaping into the rear wall {rom volume B
will be replaced by those entering from volume A, and 30 on, thus giving ICPE in both
volumes A and B. The net result is that J, will be nearly to Jy, except for a
small attenuation correctioa for the x-rays over the length L /2 between centers of A
and B. In the present case where the attenuation is lincar over the lergth L) this core
rection Is completely negligible. J, and J, do not have to be exactly cqual, as small
differcnces tend to cancel out when the chamber 18 oxtcnded, as will be shown next.

Suppose the chamber is extended about its midplane of symmetry by an amount AL.
Tbis midplane and the x-ray bcam-defining dlaphragm are fixed with respect to the source.
A larger lonization current will be observed, consisting of three components:

Jar ¢ the ionization produced in volume A’ (the same volume as A,
but moved upstream by s distance &L/2),

Ja+ ¢ the ionization produced tn volume B° (the same as volume B,
but moved downstream by a distance 4L/2),

. . . - .
Alternanively, readiags of the ionization can be made at sceveral leagih scewtrzs and the
slope of innization vy length detcrmined.
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Jy ¢ the wontgation prmlu'ul ln 'vuum( v, whith 15 a o

volume of lergth “L centered at the midplade. introduced

by the process of lengthening the chaniber.. ’ c
Jas will be grcnlcr than jA. because the x-ray beam traverses a shorter atr path (hy
the distance 2L/2) inarrivicg at the volume A‘ than it does for. A. Thus the x-rays
sulfer less attenuation, Similarly Ju¢ will be less than Ju by that amount, since
volume B’ {3 downstream from B by the distance 8L/2. Assumlng llr.t.:nty of the x-ray
attenuation, we have

and . ce . .
Jg* * (l -‘%).,JD - o | .“)_

Thus,

w ol ALL.

RS /A R nt it (R G

It is clear from Eq. (5) that (J,- + Ja) 2 (3, * I, il JA ’a- Ho'uvcr J, may
not exactly equal J,. In construction of the ckamber, a sugbt lack of symmetry might. .
inadvertently be bullt In, e.g., the lonlzation Jost to one guard ring might acreally te la.rger .
than that to the other. Cr, the “air equivalent” material on the [ront ard back walls may -
not be exactly air equivalent, resulting in a CPC {mkalarce. Even without these causes, J.
will be slightly less than J, because of X-ray attenuation, so that even !I the c!nmber
were otherwise perfectly symmetrical '

As an {llustration of the effectof J, # J, ’ ccnsider the e.xtreme asa whers J,-O 91‘
and u AL= 0.04. . From Eq, (5) we bave _ _ ‘

A’ *$ I" = JA + I’ L4 J‘ ( 02 0.9!0.02)

21,0027, +

T1.000 (I, Td e S ¢ I
Hence a difference of 10 percent between J, and J; in this case results in a difference of
0.1 percent between (J,+ + Jg+) and (J, * Jg) It is reasonable to expect that {n any actual

. situation such a large difference In J, and J, wouldr.ctoccur. Thus one ean generallyassume
tbe equality of (J, + Jg) and (J,+ ¢ Ja¢). Tha difference between the lonization measured
after the chamber is exténded and that measured before: extenslon ls, thus, Just Iv , the
ionization {rom the middle volume V. :

This volume is analogous to the collecting regxo'n v in the conventiona! free-alr
chamber (sece Fig. 5). All the electrons whlch produce lonization within it originate In the
air, since none can reach it from the end windows of the chamber. For x-rays up to 500 kv,
CPC will exist over the boundary surface of vV, so that J, will be equal to the integral
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cxproeiess dose (oe V0 The Lante nie of arsmens s s w0 e canventit. ol chawmbe’r
Applies Bere alao toaeenn s at the expuaste dose at7the Geray sperture.® ’

Itas cadont that the cad planes of volume ¥ oaremot el by leetrastatic hnes
of force an this chambdT, 35 18 e case fue the conventioeal chamber. [athere, they are
the planes parallel W e mudplana, Jocated at a tstance L 2 in front b in back of it
The eleetric ficld pattern tnside the chanibes 15 Gf no cunsequence a o as the degree of
saturation s 10t alfueted by the cxtension in chamher length, Thus the rew chamber has !
ro reed for guard plates and other ficld<shaping clectrodes which are tpical of conven. ) -
t19rel [eve-aie chambers. Since the uncertainty about the degree of ficld uniformity . \
represents the larzaae sirgle soucee of ecror in conventional {roe-air chaminrs (2, its
elimination is a coasiderable advantace.

For x- and r-ruy eneegios above about SC0 kev, CPC beyins 1o {ail within the ncw
chamber. as in tha conventiousl one. ICPE no lor.itur exists within the chamber but,
Bocause of the presence of the ajr-equivalent ¢rd liners, RICPE #ill be present. That is,
the absorbed dose will exceed the eneegy transfer by a constant ratwo fur cach of the
volumes A, A°, R, 8°, and V. Tho Roesch correction, EqQ. (3). is applied In the usual
way (0 derive the Integral exposure dose in ¥ from the lonization produced there.

Tho previous arguments given in relaung(J, * Jyyand (J,0 - Ju ) must be revised
for tke case of high-gnersy X-rays bocause SL72 L) may be too large to assume linearity
of attcauation. Assuming the diffcrence between J, arnd Jg to be due only to atteruauon
of x-rays, we bave : .

) -7 - L (uleD? ¥
Igrlye ? -}A(g-,.?.__z.:._-...) . ®

®A cautiorary word about the small correcuons which must be- :aken irto account?

Thu ionigation current saturaticn as a function of applied collecing voliage should
be checked with the chamber both uxianded and collapsed. In each case, the current ve
1/voltagu is plotted and extranolated to the {1 /voltage) s 0 axis 10 obtain the ionizatioa
for caomplete saiuratiop conditiozs. ’ .

The correciion for x-ray atteruation ard acaitering in thy airsequivalent wincow
ma:zcrials can be obtained by obscrving the-affect of adding more material simultanecusly
- to the front ard back wirdaws ard ex:rapelating the curve of fonization current vs thickness
bavk te eero thickness, . :

Correction for the unwanted contribution of x-rays scattered out of the air columa
within the chamber can be made approaimatsely by use of data given in Ref. 1, or more
‘precisely, by the absorbing-tube method described in Rufs. 8 and 12, In the latter case,

the meayurement 13 dane for both the collapsed and extended chamber.

Note that these corrections are usually of the order of less than ona percent amd,

- thus, need not be redetermined with cvery measurement. The saturation correction may
ba established once and for all for scveral representative combinations of dosc rate and
x-ray quality, and the scattering corrcctions may be deturmined for several typizal x-ray
qualitics. Thesc corrections could then be anplicd routinuely to fulure chamber
measuremeants, .
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The sumn of I and Jue can ne expressed as

L -..L

—

(oo Iy Iy ? i :

AL tual/2i?
=J‘(|..“_2_.o.“_z!_'-..-.) \

vy (l . =AL LALN? ) ‘
» 2 2!

(naL/)?

N R R A

Ja * I )]

where terms of higher order than »? have been dropped as negligible.
Combining Eqs. (8) ard (9) we bave

sl AT et _?m.)’) .

(:A' * Jg) J‘(z - T r 2 1 (10)

Andfinally, the ratio 0f (), * Jp:)t0 (J, ¢ Jg) i3

(Jae * I - 22 AL+ 1817}
Ua * 1p) -2

.-2~L O_’n

Thus we see that this ratio may nct be exactly equal to one. In application, this correction

factor is (0 be multiplied by the (J, ¢ J,) observud in the initial chamber measurement .
and the result substracted from ‘he {inal extended chamber measurement, as previously ‘
discussed. This correction turns out to be very small, as wil] be seen In the following

two examples:

Flrst consider Co®® v .radiation. We will assume 0.400 g/cm? to be adequate for the .
L,'2 dimension of the chamber® (10) ard also take AL » L= 0.800 g/ecm 3, u = 0.0576 cm?/g
in air for this energy. Then

Jae ¢ .
—“——L’-:).m
Ja* Js

This 0.06 percent Is considurably smaller than the Roesch correction of 0.47 percent
required at this cnergy.t

* Cleasly, a hich-pressurcetype frce-air chamber Is needed hore ({13). 1o the case of the
next example, b=Mcv x-rays, no frce-air chamber has thus far evea been attompted.
Recombination of 10ns would be cxtramely severe at the very high pressurcs (¥100 atm)
necessary to accommodato such long-range elcctrons within a chamber of reasonable
size (L X 1/2 meter).

f Rocsch's data {4) are calculated for aluminum but will be appreximately correct for air
also.
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COrrCetion 1s &3 peeeant o thes case (), ue ata st foar timies lueder Gre cuoolade 3 that

the ronlincarity coece:tion an the noew chamter s cons:defably satalicr than s the Roseseh
currettion 4 the same X-ray cncrcy aed s goate steasghtioraard te L aicclate,

In all the above discussions, the attepgation covfficiont = of the xorays 1 ar 2o
wken to be a single cunstant value throuckout the length of the chamber, ln vicw of the
distrihution of quantum encegies generally present, p» will actually be an offective valae,
usuaily vbtaired cxpersmentally (or the x.ray <pectrum 1d Gaustion oF Qken from the -
Litarature (1,14) for 2 beam of similae quality, Day and Taylur (13) rezort seme faltaring
acuon of air on very luw encrgy X-ray beams ((9-klovuit potertial, 1.3-mm btirylhium
w'ndow x.ray lube), but even in this extreme case the assumption of censtant - scems to
be adequate over ar. air path lerth of a lew centimeters.

DISCUSSION

An attempt has beea maae bcre to clarify some of the principles underlyinyg the

' operation of consentioral free-air chambers. To do this (t was found desirable to deline
certain quartities and concepts rot currently in popualar usage. In particular, tte term ]
“charged particle (or electronic) equilibrium® Lkas 10n2 been used to cover several distinct
ideas whieh really should be recognized as separate.

As for the proposed new type of free-air chamber, one will recogrize that it possesses
at lcast one imnportant advantage over a conventional chamber. That is the elimination nf
the field-uniformity problem. This should result in considerable savirgs in constn.cuon
costs, as well as better absolute accuracy.

It has been brought to the attention of the author {a private communic:tlor.: with
Dr. A. Allisy at the Ecole Normale Superieure in Paris that Allisy, Roux, ard Seguin
have recently developed a new type of {res-air chamber which also incorporates the
idea of difference readings of the ionization (15). It was devised to be used in the x-ray
energy range from 5 to 30 kv and permits the measurement of ionjzation as the length of
the collecting plate approaches zero. In design it resembles closely a conventicnal
parallel-plate free-air chamber, complste with guard plates and other field-guarding
electrodes. However, it bas a triangular collecting electrqde in place of the ysual rec-
tangular one, and the whole composite plate (guard plates + collector) can be moved, In
its own plane, in a direction lateral to the x-ray beam. Thus the trapezoidal collecting
7Olume varies !n mean length. The advantage of this chamber over conventional chambers
is tha: differences in the length of the collecting region are measured by a precisely
machined screw probably with greater accuracy than one ¢an determine the actual lergth
of the collecting region in a conventional chamber. However, this advantage will be lost
unless the gaps separating the triangular collecting plate from the guard platcs are
extremely unilorwm alung their length, thus assuring that ~end ettects” cancel out. .-

This problcm does nut arise in the design proposed in the present paper. Further-
more, all the guard plates and strips still present In the Allisy design bave been elimt-
nated, since field uniformity Is no longer necessary. The two chamber desigr.s are
similar only to the extent that they both measure fonization dilferen.es.

A free-alr chamber of the new type, to operate between 50 kv and 150 kv, is currently
under construction at NRL. Its operating charactcristics will be reported upon 1h a later
report.
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APPENDIX
DEFINITIONS OF IMPORTANT TERMS

1. “Absorbud dose of any 1onizing radiation is the cnergy imparted to matter by ionizing
particles per unit mass ol irradiated matcrial at the place ol interest® (2). The unit of
absorbed dose is the rad (=100 erg/yg) or erg’/g. *At the place of interest® can be inter.
preted as witbin a small® sphere cemcrcd—a!t_t%o r~unt for whi~b the absorbed dose applies.

2. Integral absorbed dose in a certain ~+gion 18 (he energy intparted (0 matter by ionizing
parucles’in that region (4). The unit of integral absorbed dose is (ke gram rad (=100 erg)

or erg.

3. Energy transfer of x. or y.radiatonf at any point in an irradiated material is the
kinetic energy passed on to charged particies through primary interactions within a *smali®
sphere centercd at the point, plus the energy depusited In the material within the sphere

by tbose primary Interactions,! divided by the mass of material in the sphere. This can
be expressed in erg/g.

4. Integral energy transfer of x- or »radiation in any region of an {rradiated material
is the kinelic energy passed on to charged partcles through primary interactions within
the region, plus the energy deposited in the material within the region by those primary
interactions. This can be expressed in erg.

8 - sure dose} of x- or y.radiation at a certain place is a meaasure of the radiation
that upon its abllity to produce jonization. The unit of exposure dose of x- or
y-radiation is the roentgen, One roentgen is an exposure dose of x- or y-radiation such
that the associated corpuscular emission per 0.001293 g of alr produces, in air, ions
carying 1 slectrostatic unit of quantity of electricity of either sign® (2).

&Wd:-w yoradiation in a certain region is a measure of the
ra on that upon its ability to produce fonization. The unit of integral exposure
dose is the 0.001293 g-roentgen, or {{ the alr iz specified at 0°C and 760 mm Hg this unit

may be expressed mors simply as esy of electric charge.

7. Average ¢ ure dose of x. or y-radiation in a certain regioa is the integral axposure
dose alv;% éy ,iio mass of uir contained in the region, expressed in units of 0.001293g.
The unit of average exposure dose is the roentgen.

®Its size must be small in comparison with any spatial variations in the radiation field,
yet large enouch to contain a staiistically large number of cnergy-rransfer eveats during
the perivd of exposure. Whenever the word small is used in this sense, it will be
enclosed by quotation marks.
! The concupt also appliew to neutrons and to distributed s-ray and «-particle sources.
$ This cnorgy is usually negligible in comparison with the energy given to charged particles.
§ Exposure dose can be regarded as a special case of the energy transfer, where

(a) The kinetic encrgy is expressed in terms of the ionization which it produces in air,
{assuming encrgy radiated as bremsstrahlung to be negligible).

{b) The reference material for which itisdelined is always taken to be air, and

{c) Th: primary radiation 1s always x- ar ,-rays, with energy not exceeding 3 Mev (2}

»e
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A Char e lparticle cpalihrizm (CPE) {often callel “eluctennie cquilibeamn ™ tn the case
Of Xo OF =Cadialing) vXiatd 4t o pottt in anacrahated medium f te cacrgy dissipated

hy charcd particles sithin a <4mall® sphesical volume conteeed at the puiit 1y the same
as 1f all the charged particles oraginatigg within tiie solume had spent their eatire kinetie

energies theee, An alternative and moree cuncise definiton of CPE i3 that, at the puintan

question, the absuehed dose cquals the creryy transfoe.

9. Integral charged.particle cquilibrium (ICPE) exists for a rewion in an irradiated
medium i the crergy dissipated by charged particles within the region is the same as if
all the charged particles originating there had spent their entire kinetic erergies within
that region. Alterratively, ICPE exists ir the antegral encrygy transfer cquals the intecrat
absorbed dose for the region.

10. Charced.particle compersation (CPC) exusts at a closed boundary il for every charged
particle ol a certain cnergy wnich crosses the bourdary in one sense there is a similar
charged particle of the same energy crossing in the oppusite sense somewvhere on the
bourdary. CPC is a sufficient but not a necessary cordition for the existence of CPE or
ICPE. U there |3 ro flow of charged particles in or out across the bourdary, CPC can

sull be said to exist, but as a trivial case.

11. Relative charced-particle equilibrium (RCPE) exists throuwghout a region of an irra-
diated matenial il at each point within that region the ratio of the absorbed dose and the
energy transfer has a common value. (If that constant is 1 then CPE also exists for all
points in the region.)

12. Relative integral charced-particle equilibrium (RICPE) exists throughout a region of
an irradiated material if (or each one of a set of similar subdivisions of that region the
rauo of the integral abscrbed dose and the integral energy transfer has a common value.
(If that constant is 1 then ICPE also exists for each of the subdivisions.)
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